Tuning Optical Properties of Transparent Conducting Barium Stannate by
  Dimensional Reduction by Li, Yuwei et al.
Tuning Optical Properties of Transparent Conducting Barium Stannate by
Dimensional Reduction
Yuwei Li1,2, Lijun Zhang3, Yanming Ma1, and David J. Singh4
1State Key Lab of Superhard Materials, Jilin University, 130012, Changchun, China
2Beijing Computational Science Research Center, Beijing 100084, China
3College of Materials Science and Engineering, Jilin University, 130012, Changchun, China
4Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6056
(Dated: February 3, 2015)
We report calculations of the electronic structure and optical properties of doped n-type perovskite
BaSnO3 and layered perovskites. While doped BaSnO3 retains its transparency for energies below
the valence to conduction band onset, the doped layered compounds exhibit below band edge optical
conductivity due to transitions from the lowest conduction band. This gives absorption in the visible
for Ba2SnO4. Thus it is important to minimize this phase in transparent conducting oxide (TCO)
films. Ba3Sn2O7 and Ba4Sn3O10 have strong transitions only in the red and infrared, respectively.
Thus there may be opportunities for using these as wavelength filtering TCO.
Transparent conducting oxides (TCO) are widely used
for electrodes in solar energy and display technologies.
[1, 2] The most commonly used material is Sn doped
In2O3, known as ITO. This is a stable material that can
be readily deposited in thin films and has excellent TCO
performance. However, there is interest in alternatives
to ITO both because of a desire to reduce the use of
In and to identify TCO materials with a range of other
properties and functionalities. [3] For displays, high DC
conductivity, low haze and high transparency for the op-
erating wavelength and viewing angle ranges are needed.
Transparency outside these ranges is not needed and is
often undesirable since heating due to infrared transmis-
sion and ultraviolet photons can degrade devices, e.g.
in outdoor use. We note that transparency below the
absorber band gap is undesirable in solar photovoltaic
applications. While light filters can be incorporated in
various layers of a device architecture, transparent con-
ductors that also act as filters may be useful.
Perovskite structure BaSnO3 doped by trivalent cation
substitutions for Ba (e.g. La) and by Sb alloying on
the Sn site shows promise as an ITO alternative. [4–22]
Importantly, recent studies of high mobility La doped
BaSnO3 transparent conducting films show transport
properties that are still dominated by extrinsic defects,
specifically dislocations. [12, 18, 19] The implication is
that there remains considerable room for even better con-
ductivity with improvements in film perfection. Recent
studies suggested that n-type BaSnO3 may have sub-
stantial tunability, e.g. in the band gap via alloying
and strain, [14–17] but applications of strain tuning of
BaSnO3 have yet to be demonstrated. Here we show
that it is possible to tailor the spectral transmission of
BaSnO3 by a dimensional reduction strategy.
We report first principles calculations for doped
BaSnO3, in relation to members of the Ruddlesden-
Popper homologous series derived from BaSnO3 by pe-
riodic insertion of nominally insulating BaO layers. The
first two members of the series are known bulk equi-
librium stable phases in the BaO – SnO2 pseudobi-
nary phase diagram that are readily made using com-
mon methods. [23–29] Perhaps other phases can also be
grown, in analogy with the Sr-Ti-O system. [30] This
is also consistent with the Sr-Sn-O system, which has a
known Ruddlesden-Popper series. [31, 32] Kamimura and
co-workers have recently shown that members of the Sr-
Sn-O Ruddlesden-Popper series can show very different
luminescence properties when activated. [33] Further-
more, the members of the Ba-Sn-O Ruddlesden-Popper
series have good in plane lattice matches with each other
and are presumably compatible with each other in thin
film form.
The experimental lattice parameters and spacegroups
are BaSnO3, cubic, Pm3m a=4.116 A˚, [34–36] Ba2SnO4,
body centered tetragonal, I4/mmm, a=4.1411 A˚,
c=13.2834 A˚, [25] and Ba3Sn2O7, body centered tetrago-
nal, I4/mmm, a=4.129 A˚, c=21.460 A˚. [24] As discussed
below, we also did calculations for the next member of the
series, Ba4Sn3O10, which is a phase that has not been re-
ported experimentally. For this we did calculations both
using a fully relaxed structure and a partially relaxed
structure in which the atomic coordinates were relaxed
but the lattice parameters were fixed to interpolated ex-
perimental values from the known phases.
The main first principles calculations were per-
formed using the general potential linearized augmented
planewave (LAPW) method [37] as implemented in the
WIEN2k code. We also did calculations to cross-check
using the VASP code with hybrid HSE06 functional
[38, 39] and the generalized gradient approximation of
Perdew, Burke and Ernzerhof (PBE-GGA). [40]
For the LAPW calculations, we used well converged
basis sets including local orbitals for the semicore states
of the alkaline earth elements, the O 2p state and the Sn
4d state. We used the standard LAPW basis sets rather
than the APW+lo method. [41] The LAPW sphere radii
were 2.4 bohr, 2.25 bohr and 1.6 bohr for Ba, Sn and
O, respectively, and a basis set cut-off, kmax, set by the
criterion Rminkmax=7.0 was used, where Rmin is the O
LAPW sphere radius.
We fixed the lattice parameters to the experimental
values and relaxed the internal atomic coordinates of the
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2layered compounds using the PBE-GGA. Following the
structure optimization, we did electronic structure and
optical calculations using the modified Becke-Johnson
type potential functional of Tran and Blaha, [42] denoted
TB-mBJ in the following. This potential gives band gaps
in remarkably good accord with experiment for a wide
variety of simple semiconductors and insulators, [42–46]
including perovskite stannates. [15] We compared the
TB-mBJ results for the undoped compounds with HSE06
calculations as discussed below.
Doping by La was treated using the virtual crystal ap-
proximation. The virtual crystal approximation is an
average potential approximation. It goes beyond rigid
bands, and specifically includes composition dependent
distortions of the band structure. The use of the virtual
crystal approximation is supported by the fact that in
these compounds the highly electropositive elements, Ba
and La, are fully ionized and serve only to stabilize the
structure and donate charge to the conducting bands de-
rived from Sn and O. Ba3Sn2O7 has two crystallograph-
ically distinct Ba sites, i.e. the 2b perovskite-like site
between the two SnO2 layers and the 4e rocksalt-like site
in between the perovskite blocks (Fig. 1). For this com-
pound we performed calculations in which we did virtual
crystal with La on site 2b, on site 4e and equally dis-
tributed on the two sites. The results were practically
the same, which supports the validity of the virtual crys-
tal approximation.
There have been a number of prior first principles stud-
ies of BaSnO3 as well as the related perovskites, CaSnO3
and SrSnO3. The Sn s nature of the conduction band
and its role in the good conductivity of n-type doped
BaSnO3 were established early on. [5] This basic result
was found in subsequent band structure calculations with
various methods. [12–22] Large variation in the band gap
between BaSnO3, SrSnO3 and CaSnO3, was found by Mi-
zoguchi and co-workers [13], and subsequently discussed
in terms of strain. [15, 17]
The band structures with the TB-mBJ potential are
shown in Fig. 2. The calculated indirect gaps using the
TB-mBJ potential are 2.82 eV, 4.22 eV and 3.53 eV for
BaSnO3, Ba2SnO4 and Ba3Sn2O7, respectively. The cal-
culated TB-mBJ band gap of bulk NaCl structure BaO,
lattice parameter 5.523 A˚, is 3.61 eV, indirect between
X and Γ. Two aspects that are immediately apparent
from the band structures are (1) the layered compounds
show a dispersive s band at the conduction band mini-
mum similar to BaSnO3 and (2) the layered compounds
show little dispersion in the c-axis direction, so the layer-
ing is indeed strongly reflected in the electronic structure.
The band narrowing in the c-axis direction is a kind of
quantum confinement effect.
Table I gives the band gaps as obtained with the PBE-
GGA functional, the TB-mBJ potential and the HSE06
hybrid functional. As may be seen there is a good agree-
ment between the TB-mBJ and the HSE06 results, while
as usual the PBE-GGA underestimates gaps.
Fig. 3 gives the in-plane plasma frequencies, Ωp for
TABLE I. Band gaps for the Ba-Sn-O Ruddlesden-Popper
compounds as obtained with the PBE-GGA functional, the
TB-mBJ potential and the HSE06 hybrid functional.
Compound PBE-GGA (eV) TB-mBJ (eV) HSE06 (eV)
BaSnO3 0.98 2.82 2.66
Ba4Sn3O10 1.61 3.24 3.21
Ba3Sn2O7 2.03 3.53 3.60
Ba2SnO4 2.83 4.22 4.41
n-type doping as a function of doping in carriers per
Sn. Conductivity in metals and degenerately doped semi-
conductors depends on the plasma frequency, σ ∝ Ω2pτ
where τ is an effective inverse scattering rate. As seen,
if one assumes similar scattering rates, the conductivity
follows a perhaps expected trend following the density
of Sn ions (i.e. falling as the concentration of insulat-
ing BaO increases). Specifically, for in-plane conduction,
σ(BaSnO3)>σ(Ba3Sn2O7) >σ(Ba2SnO4). The volumes
per Sn are 69.73 A˚3, 91.47 A˚3 and 113.90 A˚3, for BaSnO3,
Ba3Sn2O7 and Ba2SnO4, respectively. The BaO layers,
while not contributing to conduction, also would not be
expected to contribute to optical absorption, and there-
fore the result suggests that the layered compounds could
be good TCO as well. As discussed below, our optical
calculations show that this may be the case for Ba3Sn2O7
and higher members of the series, but is not the case for
Ba2SnO4.
The good TCO behavior of BaSnO3 can be understood
in terms of three main reasons: (1) The material can be
effectively doped n-type to high carrier concentrations,
(2) It has a highly dispersive Sn s derived conduction
band that leads to high mobility and (3) there is a large
gap between the lowest conduction band at the conduc-
tion band minimum (CBM), which is at Γ, and the next
conduction band at Γ.
The calculated absorption spectra for virtual crystal
doped BaSnO3 are shown in Fig. 4. As seen, the op-
tical gap increases with carrier concentration. This is
a consequence both of the electrostatic effect of adding
electrons to a band (electrons added to the Sn s derived
conduction band by doping provide a repulsion to other
electrons in this orbital raising the energy of the band),
and the increase in Fermi level within the band as elec-
trons are added. Here the Fermi level shift is the larger
effect. For example, with 0.2 electrons per Sn, we obtain
a Fermi level 1.99 eV above the conduction band mini-
mum in our virtual crystal calculations, while the indirect
gap between the valence band maximum and conduction
band minimum increases by only 0.14 eV. This latter in-
crease is a non-rigid-band effect. In addition to this band
gap there are other small distortions of the band struc-
ture. This is shown in Fig. 5.
The increase in apparent optical gap with La dop-
ing is possibly consistent with optical absorption spec-
tra of BaSnO3 and (Ba,La)SnO3 obtained by Kim and
co-workers, [12] whose experimental spectra show such
3an increase. However, in view of the broadening of the
reported experimental spectra with La addition further
measurements would be desirable.
The band structures of Ba2SnO4 and Ba3Sn2O7 do not
show large gaps above the CBM, but instead show other
bands within 3 eV of the CBM. These arise from the
dimensional reduction, specifically the strongly reduced
hopping along the kz, c-axis direction, which narrows the
conduction bands. Additionally, in Ba3Sn2O7, there are
two perovskite layers in the perovskite block, which leads
to a band structure with pairs of bands in the kz=0 plane
that are characterized by even or odd symmetry with
respect to reflection in the BaO plane between the SnO2
layers. Such pairs of bands are then strongly connected
by dipole transitions for electric field polarization along
the c-axis direction, but not for in-plane polarization, i.e.
not for light propagating along the c-axis direction.
Other consequences of the dimensional reduction are
a higher density of states near the CBM corresponding
to the near 2D electronic structure (note the flatness of
the lowest band along the Z-Γ direction); a 2D electronic
structure has a high, constant density of states near the
band edge, while a 3D band structure has a lower initial
density of states, N(E) ∝ E1/2, with E relative to the
CBM. This is clearly seen in the densities of states (DOS),
shown for the conduction bands in Fig. 6. In particular,
the DOS for BaSnO3 shows a smooth increase with en-
ergy, while prominent steps corresponding to band onsets
are present for the layered compounds. The consequence
of this stepped DOS is that in 2D the doping dependence
of the Fermi level, EF , will be weaker, with the result
that higher doping levels might be possible, and that fol-
lowing arguments given elsewhere the thermopower will
be strongly enhanced. [47, 48] For the conductivity, σ in
plane is generically expected to remain similar to the 3D
compound at the expense of a very strong reduction in
c-axis conductivity. This means that use of Ba2SnO4 or
Ba3Sn2O7 films as conducting oxides would require the
production of textured films.
The optical conductivities of the doped compounds are
given in Fig. 7, showing both in-plane and out-of-plane
directions. These plots include a Drude contribution,
with the Drude weight from the calculated Ωp and an as-
sumed broadening, γ=0.1. Although undoped Ba2SnO4
is the compound with the highest band gap, it shows
strong optical conductivity (and absorption) in the visi-
ble for light polarization in the c-axis direction, but low
optical conductivity for polarization in the plane, which
is the case for normal incidence. This might suggest that
Ba2SnO4 could be used as a transparent conductor for
normal incident light. This may, however, be mislead-
ing, since in reality the disorder would lead to symmetry
breaking, which could then result in some absorption for
normal incident light as well. In any case, this absorption
is a consequence of interband transitions from the lowest
conduction band to higher bands near the zone center.
Ba3Sn2O7 shows different behavior. It displays very
strong interband transitions for c-axis polarized light in
the infrared and red (below ∼ 2 eV). These lead to high
peaks in the optical conductivity for c-axis polarization
even at moderate doping. This polarization involves
dipole transitions between bands with opposite reflec-
tion symmetry in the plane between the SnO2 layers as
mentioned above. The band making up the CBM has
even reflection symmetry, with an onset of odd reflection
symmetry states 1.7 eV above the CBM. Importantly,
Ba3Sn2O7 does not show significant absorption in the vis-
ible above 2 eV for either light polarization, but would be
expected to be strongly absorbing below 2 eV for electric
field out of plane and in the presence of disorder for both
polarizations. More generally, the insertion of BaO lay-
ers into BaSnO3 breaks the translational symmetry along
the c-axis direction. This then allows dipole transitions
for electric field polarization along the c-axis since the
bands folded back to Γ are from different original crys-
tal momenta along kz (note that the dipole operator is
equivalent to a momentum operator).
As mentioned, we also did calculations for hypothet-
ical Ba4Sn3O10, which is the next member of the ho-
mologous series. For this, we used lattice parameters
based on interpolation using the experimental lattice pa-
rameters of BaSnO3, Ba4SnO4 and Ba3Sn2O7. We then
fully relaxed the internal atomic coordinates within this
cell. The lattice parameters used were from interpola-
tion, a=4.125 A˚, and c=29.637 A˚. Full relaxation with
the PBE-GGA yielded slightly larger lattice parameters
of a=4.202 A˚, and c=30.170 A˚, also with relaxation of
the internal atomic coordinates. The calculated band
gaps are 3.24 eV for the interpolated structure and 2.64
eV for the larger volume cell with fully relaxed lattice
parameters. The band structure for the interpolated lat-
tice parameters is shown in Fig. 2. The in-plane plasma
frequency and density of states and optical conductivities
are shown along with those of the other compounds. As
seen, its properties generally interpolate between those
of BaSnO3 and Ba3Sn2O7.
We calculated the energetics of the known compounds,
along with those of hypothetical compounds based on
addition of an extra BaO layer between the perovskite
blocks in the series, i.e. Ba5Sn3O11, and the next mem-
ber of the series, Ba5Sn4O13. The resulting convex hull
for the BaO-SnO2 pseudobinary is shown in Fig. 8.
These calculations were done using the PBE-GGA with
fully relaxed structures, to get a consistent set of energies.
As seen, there is a strong tendency towards compound
formation in this pseudobinary. The stable compounds
are BaSnO3, Ba2SnO4 and Ba3Sn2O7. The other com-
pounds are above the convex hull, meaning that they are
not predicted to be ground state phases in this pseudobi-
nary. However, they are very close to the hull, within 0.02
eV/atom (∼ 240 K). This is certainly below the uncer-
tainty of our density functional calculations. Therefore
what can be concluded is that these phases are either
on or slightly above the convex hull. Based on these re-
sults it is likely that they can be stabilized in thin films
where kinetic constraints may prevent phase separation,
4[49] and perhaps also under other conditions.
Experimental results have shown that heavily n-type
doped BaSnO3 is promising as a high performance TCO
with good conductivity and optical transparency in the
visible. Layered perovskite variants of this material can
be readily made, and it is likely that they can be layered
with the cubic perovskite material based on the similar
chemistry and in-plane lattice parameter.
In fact, it may well be that conventionally made films
incorporate some fraction of these phases. The present
calculations show that these phases would not necessarily
be harmful for the DC conductivity especially if a high
degree of texture is present. However, we find that the
presence of doped Ba2SnO4 would be harmful to the vis-
ible light transparency. It is possible in fact that some
of the variable results seen in experiments are due to
the presence of different amounts of Ba2SnO4 related
to various amounts of Sn deficiency. It would be de-
sirable to minimize the occurrence of this phase to im-
prove the transparency. On the other hand, the occur-
rence of bi-layer Ba3Sn2O7 and higher members of the
series such as Ba4Sn3O10 may not be detrimental and
may add useful functionality, such as energy selective fil-
tering. We note that a related concept was recently de-
veloped and exploited to produce low loss, room temper-
ature tunable dielectrics based on SrTiO3, specifically us-
ing the Srn+1TinO3n+1 Ruddlesden-Popper phases with
n≥3. [30] The present results indicate that it will be
interesting to experimentally explore the incorporation
of Ruddlesden-Popper phases into n-type Ba-Sn-O TCO
films as a functional tuning parameter.
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FIG. 1. Cubic perovskite structure and the first two members
of the Ruddlesden-Popper series, showing the stacking of BaO
and SnO2 layers.
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FIG. 2. Band structures of cubic BaSnO3, and body centered
tetragonal Ba2SnO4, Ba3Sn2O7 and hypothetical Ba4Sn3O10.
The band structure of BaSnO3 is that previously reported
in Ref. 15, reproduced with permission from PLoS ONE 9,
e91423 (2014). Copyright 2014 Fan, Zheng, Chen and Singh,
an open access work distributed under the terms of the Cre-
ative Commons Attribution License.
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FIG. 5. Comparison of the band structure of undoped
BaSnO3 (left) and virtual crystal Ba0.8La0.2SnO3 (right).
The energy zero is at the valence band maximum for BaSnO3
and at the Fermi level for the doped compound. Note the
relatively minor band distortions.
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FIG. 6. Calculated electronic DOS for the conduction bands.
The energy zero is at the valence band maximum. Note the
step like features for all of the layered compounds.
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FIG. 7. Optical conductivities of BaSnO3, Ba2SnO4,
Ba3Sn2O7 and hypothetical Ba4Sn3O10 at various doping lev-
els in units of electrons per Sn. For the layered compounds,
the solid lines are for the in-plane, a-axis conductivities, while
the dashed lines are for the c-axis conductivities.
8SnO2 BaO 
FIG. 8. Convex hull for the pseudobinary system BaO–SnO2.
The full composition range, with the stable compounds indi-
cated is in the left panel. The right panel shows an expanded
view of the region studied, with the compounds above the hull
indicated.
